Wired and wireless access networks continue to evolve toward higher-capacity, multi-service systems. Recent wireless broadband networks such as 3G LTE and WiMax provide a general-purpose IP platform with over-the-top services at the application layer, which is similar to the design of wired IP platform networks. This paper examines whether wired and wireless access networks are likely to converge on a common architecture, or if not, whether wireless networks are likely to converge on a common wireless architecture. We conclude that the answer to both questions is No. We identify fundamental and persistent differences between wired and wireless networking that will propel wired and wireless access network architectures on divergent evolutionary paths. Whereas we expect wired broadband access networks to continue to evolve toward a common general-purpose platform architecture, we expect wireless networks to remain heterogeneous. The inherent scarcity of radio frequency spectrum emerges as the key reason for this prediction. We examine the implications of divergent evolutionary paths for market structure and regulatory policy.
Introduction
The co-evolution of the wired and wireless Internet offers significant potential for the creation and transformation of markets for communications services and products. One critical question facing stakeholders in this process is whether the architecture and capabilities of wired and wireless access networks will eventually converge. The degree of convergence will 1 wlehr@mit.edu 2 jchapin@mit.edu determine whether wired and wireless services function as substitutes or complements, with strong implications for market structure and regulatory policy.
Wired access networks that were historically distinct, notably switched voice versus broadcast video, are evolving to a common "platform network" architecture. Wired platform networks use the high capacity of fiber-optic-rich physical networks and the general-purpose capability of IP-based protocols to support a triple play of voice, video, and data services. In the wireless domain, albeit with a lag, there is a similar trend towards increased capacity and towards providing a range of services over a common IP-centric network infrastructure.
These trends point to an apparent future convergence on a platform network architecture for both wired and wireless access networks. In this paper, we identify fundamental and persistent differences between wired and wireless networks that make such convergence unlikely. The primary factor is the limited availability of radio frequency spectrum, which imposes severe capacity constraints on wireless networks. The capacity-efficiencies associated with specialized wireless architectures offset the scale, scope, and learning economies that are pushing wired networking toward a general-purpose platform architecture.
Given an understanding of the fundamental differences between wired and wireless access networks, we analyze the economic and policy implications. The analysis presented here is partial because we focus on the implications of technical and architectural issues. We recognize that the evolution of markets, industry structure, and public policy will depend on many other factors that are beyond the scope of this paper. Other factors include organizational aspects of operator businesses, what service options are successful in the marketplace, and the market response to changing regulatory policies.
The balance of this paper is organized into four sections. In Section 2, we provide a highlevel analysis of the most important persistent differences between wired and wireless networking. In Section 3, we offer our forecast for how these differences will affect the future evolution of wired and wireless access networks. In Section 4, we address some of the likely implications of our forecast for regulatory policy and market structure. Section 5 summarizes our conclusions and suggests directions for future work. For convenience, we refer simply to wired and wireless networks; it should be understood that all discussion in this paper concerns access networks that provide last-hop connectivity to a large number of end users. Table 1 summarizes the key features that underlie persistent differences in wired and wireless networking. We consider each in turn in the following sub-sections. The comparison of raw frequency range availability is a good first-order indicator of the data communications capacity potential of different technologies. To make the discussion complete, two second-order effects need to be mentioned. First, the maximum data rate depends not only on frequency range but also on the encoding or modulation scheme that is used.
Wired versus Wireless Networking
Encoding and modulation techniques for wireless communications continue to improve over time, increasing the effective capacity for a fixed frequency range. Second, data communications capacity depends on how the frequencies are allocated and utilized. Studies of RF usage have found that most of the desirable RF spectrum is not actively carrying transmissions most of the time in most places. 4 This suggests that there is substantial room for the RF spectrum to be shared more intensively. We believe strongly (and have argued elsewhere) that such sharing is both desirable and necessary for the healthy evolution of wireless technology and services.
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However, neither of these second-order effects-the potential for improved modulation schemes and for improved sharing-is sufficient to overcome the massive frequency range disadvantage that limits the capacity of wireless networks to far less than the capacity of wired networks. The significance of the capacity limitation is shown in part by the high prices paid in spectrum auctions in recent years.
3 See Goleniewski (2007) . 4 A number of studies have measured RF spectrum occupancy. For example, in a series of studies conducted by Shared Spectrum Company for the US National Science Foundation in 2004 and 2005 (http://www.sharedspectrum.com/ measurements/), data showed that the average occupancy over all locations tested was 5.2% and that the maximum occupancy was in New York City at 13.1%. 5 See Chapin and Lehr (2007) .
Each of the other persistent differences we discuss below has as at least one of its primary effects an additional burden on wireless capacity. Thus we view capacity limits as the most important fundamental difference between wired and wireless networking. A common theme emerges: the fundamental scarcity of wireless capacity increases the opportunity cost of spectral inefficiencies, thereby providing stronger incentives in wireless than in wired networks for using service-specific technologies at the lower layers of the network architecture.
Topology
Wired networks are inherently point-to-point. The cables carrying the communications signal focus the transmitted energy to specific devices at either end of the link.
Wireless is inherently a broadcast technology, in the sense that transmitted energy is spread over a geographic area in which there are likely to be multiple receiving devices. As a result, interference is a major issue for wireless networks. Interference can be generally understood as the adverse outcome that occurs when signal energy is delivered where you do not want it. Interference imposes further capacity constraints on wireless networking. The communications resources allocated to a wireless system (frequencies, time slots, codes) cannot be fully used by the transmissions between any pair of devices.
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On the other hand, services that require delivering the same information to multiple receivers can be made substantially more efficient if the inherent broadcast nature of wireless is exploited properly. This creates a strong incentive to provide specialized support for broadcast services. In wired networks, this incentive also exists but is substantially reduced because 6 There are techniques for focusing transmitted RF energy that in the limit may approximate the point-topoint delivery performance of wired media. Doing this at frequencies below 3 GHz requires phased array antennas that are too large to build into handsets and currently too expensive to deploy widely in fixed stations. Above 3 GHz the antenna problem is significantly easier, but propagation effects make such frequencies uneconomical to use for access networks intended to provide broad coverage.
capacity is generally so abundant. Even popular content such as live sporting events is largely distributed over point-to-point data transmissions to each user if accessed as streaming video over the web. Some physical layer technologies (e.g. passive optical distribution networks) support broadcast but this is a secondary operation mode not widely used in commercial systems.
The topology differences have systematic implications for wired and wireless networking that go beyond capacity constraints. Topology differences affect the balance of costs between initial deployment and later scaling of a service, which in turn drive different market structures (see Section 3.2).
Reliability
Raw data transmission in wired networks is generally much more reliable than in wireless networks, in three ways. First, at the transmit power and propagation distances appropriate for a commercially viable system, a wired network has orders of magnitude fewer bit errors than a wireless network. Second, wired links offer near 100% uptime except during equipment failures, whereas wireless links have occasional dropouts (periods when the receiver gets no data) due to propagation variations caused by device mobility or a changing environment. 7 And third, wired networks are highly predictable and can be engineered to provide the exact service desired, whereas the coverage and performance of a wireless network is difficult to predict or adjust precisely.
Methods of compensating for all these forms of wireless network unreliability consume additional capacity. The overheads are significant. For example, in the most-widely used mobile voice technology-GSM full-rate-43% of the capacity allocated to each voice call is used for error correction (9.8 kbps out of 22.8 kbps).
Specializing the reliability compensation mechanisms to the application service can reduce overheads and therefore significantly increase overall system capacity. For example, key frames of compressed video can be sent with greater redundancy than incremental update frames (whose loss causes fewer visible artifacts to the end user). Voice sample retransmissions can be suppressed if the tight latency deadline imposed by a full duplex voice conversation has expired.
SMS messages can be resent at a later time rather than immediately since end users do not expect fixed time deadline delivery.
Specializing the reliability compensation mechanisms in ways like this requires that the lowest layers of the network design be adapted to the service being provided to the user. Thus the inherent unreliability of wireless transmission combined with the high opportunity cost of spectral inefficiency creates strong incentives to make wireless networks service-specific. This effect is not present in wired networks.
Mobility
Wired networks provide a fixed service, whereas the core value of wireless networks is mobility in all its forms. Wireless networks support communications while in motion. Wireless networks provide ubiquitous coverage, while a wired network only provides service where there is a plug. Wireless networks offer flexibility in choosing and changing service location, while wired networks require cable rerouting to change location.
Provisioning for mobility further limits the capacity of wireless networks compared to wired networks. Communications resources (spectrum, power, time slots, codes) need to be reserved in the area where the receiver might be. Optimizations that reduce resource usage become harder to implement when the communications channel is changing or unpredictable.
Size and weight of mobile devices becomes a driving design goal, limiting battery capacity and antenna capability, which in turn limits transmit power and hence capacity.
Mobility effects can be exploited to increase wireless network capacity. In some cases this can be done without knowledge of the application service. 8 However, the most widely used techniques depend on optimizing lower layers for expected characteristics of the application service. For example, CDMA 1xEVDO and similar data-oriented systems exploit the latency tolerance of Internet data services and channel variations due to mobility when making channel allocation decisions. 9 This is another example of capacity-driven pressure to make wireless networks service-specific.
The inherent orientation of wireless services towards mobility also leads to a different role for the end user in network provisioning and management than occurs in wired networks, with implications for industry market structure (see Section 4.4).
Divergent Evolutionary Paths
The fundamental differences analyzed in the previous section result in divergent evolutionary paths for wired and wireless networking.
Technical evolution of wired networks
Historically, the wired networks deployed by legacy telephone and cable television providers had physical and technical architectures specialized to the service they offered. As these so-called "silo" networks are replaced by fiber-rich networks capable of supporting a 8 See Grossglauer and Tse, 2002. 9 See Bhushan et al. (2006) .
triple-play of voice, video, and data, a common network architecture has emerged that we call the "platform network" (Figure 1 ).
A platform network is built from general purpose media, transmission technology, and networking mechanisms. The various services (voice, video, data) are supported as application level data streams on top of this general purpose data communications platform. Although media and lower-layer transmission technology vary from network to network, all current commercial deployments use the Internet Protocol suite for higher layer transmission and networking purposes.
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While the evolution of wired networks to platform architectures is far from complete, it is well advanced in urban areas. For example, as of March, 2009, fiber-to-the-home was available in North America to approximately 15.2 million homes (13% penetration), with 2.7 million homes subscribing to a triple play of voice, video, and internet access, largely from Verizon.
benefits for service providers and access to a wide range of third-party over-the-top services for end users.
Inefficiencies of platform networks
The benefits of platform networks come at a cost in technical efficiency. Efficiency suffers in part because of the overheads required to share a common network among multiple applications. Some mechanism is necessary to link each chunk of data to the information required to route, deliver, and process the information correctly. In Internet Protocol networks, this function is performed by the IP header that labels each packet of data. While IP header overhead is small for most services, it becomes significant for services that require frequent transmission of short packets, notably two-way voice calls. For example, a GSM radio channel that is optimized for voice can carry eight voice streams, whereas this same radio channel (same channel width, same modulation) can only handle three voice streams if they are carried as Voice-over-IP.
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Another source of inefficiency is the inability to apply application-specific optimizations at the lower layers of the network. Such optimizations include physical layer broadcast for broadcast services, error protection and recovery mechanisms tuned to the specific needs of different applications, and resource allocation mechanisms that exploit the latency tolerance of data oriented applications. An integrated "cross layer" approach to resource management 13 The channel described is the standard 200 kHz wide 8-slot GSM channel. GSM voice streams are coded at 13 kbps or less before forward error correction. In VOIP, header overhead approximately doubles the data rate per voice stream before error correction. Other effects add further overhead, particularly differences in error correction design required to support general IP traffic, leading to more than twice the resource consumption per stream.
provides significant capacity benefits that are not available in a general-purpose platform architecture.
14 A final type of inefficiency arises from design decisions made in the Internet Protocol suite. These performance costs are not fundamental to all possible platform networks but are deeply rooted in commercial practice. The traditional IP suite provides only "best effort" packet delivery in the underlying network platform. In best effort delivery, the network provides no guarantees against packet loss or delivery delays. Resource management to balance offered load to available capacity, and recovery from packet loss, are handled by a separate higher layer of the system called the Transport Control Protocol (TCP). This design has proven immensely valuable for the Internet, enabling it to integrate a wide range of network technologies that have different loss and delay characteristics.
For non-real-time services such as file transfer, best effort delivery plus TCP is effective and efficient. However, the real-time requirements of newer multimedia services such as Voiceover-IP and streaming video have challenged the traditional Internet best effort model. The most common way to work around this in commercial IP access networks is to provision excess capacity. With enough excess capacity and sufficiently high data rates, the packet losses and delivery delays of best effort service are reduced sufficiently to satisfy the requirements of multimedia applications. Over-provisioning corresponds to a direct reduction in efficiency.
While there are multiple approaches to improve multimedia support (known as Quality of Service or QoS) in the Internet, over-provisioning remains a critical element in IP access networks.
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14 See Lehr and Crowcroft (2005) , Kawadia (2004), or Shakkottai, Rappaport and Karlsson (2003) .
15 See Odlyzko (2000) for discussion of over-provisioning in data networks.
The technical inefficiencies associated with the platform network architecture have been acceptable in wired networks because of the extremely high capacity and low error rates of modern fiber optic transmission technology. This has made it possible to adopt the architecture for its operational and end-user benefits. The tradeoffs are different in wireless networks operating under stringent capacity limits.
Technical evolution of wireless networks
Wireless networks today are still largely organized technically as silo networks It is highly unlikely that deployment of fourth generation networks will change this fundamental dynamic. The 4G system currently expected to dominate, Long Term Evolution ("LTE"), is an IP-centric data network with impressive capabilities and a platform network architecture. 16 While LTE offers substantial improvements in spectral efficiency relative to current 3G systems, it also enables increased per-user capabilities that are expected to contribute to demand growth. A careful study of the balance between user demand growth and technology improvements concluded that meeting user demand would require an additional 500 to 1000
MHz of commercial spectrum in the USA by 2020, all below 5 GHz. 17 Given that government (public safety, defense, etc.) see their need for spectrum increasing, and given the challenges of clearing previously allocated spectrum, it is unreasonable to expect that this demand will be fully met through new allocations. Hence future 4G systems will be at least as capacity limited as current wireless networks, so the technical inefficiencies associated with running all services over the top of a common platform will continue to be economically unacceptable.
Commercial providers apparently anticipate this outcome. For example, there has been substantial recent effort to integrate "voice fallback" capability more tightly into the LTE standard, enabling providers to couple a dedicated voice network (perhaps a new design more spectrally efficient than GSM) with their LTE data network.
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Consequently, we predict a future in which wireless networks remain technically heterogeneous. A mix of specialized and general-purpose facilities-based networks will co-exist as part of the wireless landscape. While this may sound like a simple continuation of the current 16 Bogineni et al. (2009a Bogineni et al. ( , 2009b 19 For the current discussion, it is sufficient to observe that the future of wireless services is multiple heterogeneous networks rather than convergence to a shared platform network for all services as is occurring in wired networks.
Market structure
The competitive environment is and will remain distinctly different for wired and wireless networks, due to opposing entry and capacity expansion economics.
In the entry phase, when a network is first deployed, wired networks have very high upfront costs, whereas wireless networks permit more incremental investment (setting aside the costs of securing spectrum access rights). The high up-front costs for wired networks are driven by their fundamental point-to-point topology. Cables need to pass every home or location that might be served by the network. Deployment of wired infrastructure also requires securing access to rights-of-way and conduits or outside structures such as telephone poles. In contrast, wireless services can exploit their broadcast topology to reduce up-front costs. Service can be initially offered in a region with a relatively small number of base stations, each transmitting at high power to cover a large area. Capital investment to provision each customer can also be small, since with proper technical design the inherent mobility of wireless devices enables endusers to self-install and make local adjustments to improve service. 20 As market penetration and 19 See Lehr and Chapin (2009b) for a more detailed discussion of our forecast of what the wireless future will look like. 20 Examples of local adjustments include TV antenna alignment and nomadic foraging for better cell phone signal quality. Not all wireless access networks permit self-installs or end-user adjustments. Counterexamples include satellite and some fixed wireless broadband services in which antenna placement is highly sensitive. Such systems have higher up-front capital investment requirements associated with creating a field service organization of trained installers.
customer demand grows, capacity can be expanded by adding "in-fill" base stations while reducing transmit power, thereby increasing spatial reuse of available spectrum resources.
Once a network is fully built out in a region and enters its capacity expansion phase, the balance of costs shifts. In wired networks, fiber cables that include initially dark fibers allow large capacity expansion at relatively low incremental cost. For wireless networks, there is a density of base stations beyond which adding new tower sites offers diminishing returns (either due to interference problems or because real-estate costs and zoning problems increase dramatically). Capacity expansion of wireless networks beyond that point requires acquiring additional spectrum, installing smart antennas, or substantially reducing cell sizes. 21 All of these options are expensive, making it costly to support significant improvements in the number of subscribers or per-subscriber services.
The differing entry and capacity expansion economics for wired and wireless networks imply differing competitive dynamics for wired and wireless service providers. For wired networks, the number of providers that can be economically viable in any local area is strictly limited. Due to the high up-front network investment, wired service providers require a relatively high take-rate of homes passed to be economically viable, usually in excess of 25-30%.
22
Indeed, there are very few instances in the U.S. where there are more than two wired operators in a local area. This suggests that some areas previously enjoying duopoly facilities-based competition (DSL over copper vs cable modem over coax) may see the deployment of only one 21 This may be accomplished by installing femtocells on the customer's premises that rely on the customer's wired broadband access to backhaul mobile services used within the home. 22 For example, minimum break-even take rates (subscribers as a share of homes passed) for fiber deployments are typically in excess of 30% (see for example, BroadbandProperties (2008 ) or FTTH Council (2008 For wireless networks, the incremental investment profile for new deployments means that wireless services are normally economically viable at lower take rates than would be required for wired services. 24 This helps explain why many local areas in the U.S. are served by four or more wireless facilities-based providers while they only have one or two wired facilitiesbased providers. At the same time, the high cost of capacity expansion after initial deployment renders the introduction of third party over-the-top services problematic. Therefore it is more natural to look to entry by new facilities-based wireless providers for competitive discpline rather than to entry by over-the-top providers.
To summarize, in wired networking, we expect there will be a relatively small number of wired facilities-based providers in each market (e.g., at most two in most markets in the U.S.).
Most wired service providers will offer a triple play bundle of services over similar broadband platform architectures. In wireless, we expect to see a larger number of facilities-based competitors offering services over a mix of heterogeneous wireless infrastructures. While some of the wireless service providers will offer general-purpose internet access services, others will run specialized networks offering niche services (e.g., as is the case with the MediaFLO video distribution services offered by Qualcomm). In the wireless case, we expect that entry by new facilities-based providers will be a more potent source of competitive discipline than in the wired case.
Implications for Industry Structure and Regulatory Policy
The divergent evolutionary paths for wired and wireless broadband have important implications for industry structure and regulatory policy. In the following sub-sections, we briefly explore several of these implications.
Technology neutral regulation
Technology neutral regulation of services is intended to eliminate asymmetric treatment based on the underlying network technology. 25 Adopting such an approach is consistent with the goal of symmetric regulation that proponents have argued will assist in promoting telecommunications competition. 26 The approach is also consistent with proposals for "layered regulation" that have been advanced as a solution to convergence-driven challenges to silo-based regulation. 27 The 2002 reform of the European Union's regulatory framework to focus on markets rather than infrastructures reflects a conscious effort to move toward technological neutrality.
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Perhaps ironically, technology neutrality may become less relevant for the regulation of wired providers as their networks converge toward similar architectures. At the same time, as wireless networks become increasingly capable, pressure will likely increase to extend technology neutrality to wireless services. We have already seen an example of this in the ongoing "Network Neutrality" debate. 29 In a paper that is consistent with the move toward technological neutrality, Tim Wu (2007) expanded the debate by suggesting that policymakers ought to consider how "Network Neutrality" might apply to wireless providers. In response, a number of economists have argued against this suggestion, relying principally on an assessment of wireless competition to explain their position. 30 As we have explained, because wired and wireless networks differ in fundamental technical ways, and because capacity is a dominant constraint for wireless networks that is much less salient in wired networks, such an extension of technology neutrality would be bad policy.
28 See Mindel and Sicker (2006) , Marcus (2002) , and Reding (2006) .
29 This is a debate over the need for regulatory rules to constrain how broadband ISPs manage traffic. It was sparked by Wu (2003) and has subsequently spawned a large academic and policy literature. The debate over "Network Neutrality" is related to, but distinct from the debate over technology neutral regulation which is why we retain the quotes. See, Lehr, Peha, and Wilkie (2007) for a collection of papers offering divergent perspectives on the "Network Neutrality" debate.
Interconnection
Policymakers have long recognized that intercarrier compensation regulation, which includes rate regulation of interconnection and access charges, is in need of reform. 31 One proposal to simplify regulation is "bill-and-keep" in which usage-based intercarrier interconnection payments are eliminated. Each carrier recovers the usage-based costs associated with terminating the traffic of their interconnection partners from their own subscribers.
Our technical analysis suggests that usage-based costs in wireless networks are likely to be systemically higher and more variable than is the case with wired network termination.
Reasons for this include capacity limits, which increase both marginal per-minute costs and enduser prices, and the unpredictability of wireless links (Section 2.3). These effects argue against the economic efficiency of setting a single uniform rate for wireless interconnection, especially one that does not differentiate between wired and wireless termination (Gabel, 2002) . Indeed, it may provide additional support for adopting bill-and-keep as the only reasonable option. 
Broadband universal service policy
The current interest among policymakers in promoting universal broadband service raises the question of how to define a minimal standard for broadband and how to evaluate relative needs for improved service (e.g., to target public broadband funding). 32 Atkinson and Barnekov (2000) argue that any regulated rate is likely to be inefficient and propose a bill-and-keep approach as the best way to ensure competitive neutrality. 33 The American Recovery and Reinvestment Act (ARRA) of 2009 includes $7.2 billion to promote broadband access to unserved and underserved communities. The federal agencies responsible for disbursing these funds are not adopting separate definitions for fixed and mobile broadband and are seemingly trying to be technologically neutral with respect to the sorts of broadband projects that may be
We have identified fundamental differences between wired and wireless access networks which lead to different market structures. Therefore we believe that at least two definitions of broadband are needed: one for fixed (mostly wired) broadband service and one for mobile (wireless) broadband service. While they may be substitutes for some users in some markets, 34 they offer distinct capabilities and this distinction will persist into the future.
More specifically, although wireless networks will continue to improve, it is likely that they will continue to lag wired services in terms of what policymakers may consider a minimal level of quality (i.e., average and peak data rates supported, reliability, etc.). An acceptable minimal standard for wired performance is likely to be too high a threshold for wireless.
However, wireless offers mobility. Which is better may depend on the situation. 
End-user empowerment and wireless competition
Finally, it is worth highlighting an important way in which wireless competition has the potential to be systematically different from wired competition. The end-user plays a much more direct role in the network management process than in wired networking. While wired broadband customers may select among wired providers and their tiered offerings, once the service is installed, the customer has only a limited ability and opportunity to manage his or her service quality. In contrast, because of the local variability in wireless transmission performance, wireless customers are accustomed to playing a much more active role. This takes the form of funded. A notable exception is the exclusion of satellite-based wireless services (see, for example, http://www.telecompetitor.com/first-look-at-the-broadband-stimulus-rules/).
34 Ward and Woroch (2005) . 35 For example, a fixed service is not much use to a homeless person (see Graham (2007) 
Conclusions
Technological innovation in communications has expanded the number of ways to provide any given service. Thus, software and hardware-based solutions may compete as substitutes. Fast and cheap CPUs may reduce the need for expensive transport (e.g., using compression). Wired and wireless networking may offer alternative ways to transmit broadband 36 While the quality of mobile telephony has improved dramatically to render such adjustments unnecessary in many locales, this sort of real-time adjustment to improve performance remains important for more advanced media-intensive services (e.g., 3G broadband) and new types of wireless (e.g., RFID and sensors). 37 Community-based and municipal fiber may be viewed as limited exceptions.
38 A few facilities-based providers may support a much larger number of resellers.
39 Additionally, we expect to see a proliferation of separate facilities-based niche wireless networks (e.g,. for RFID, for public safety, for ad hoc networking, for satellite communications, etc.) that will not be mirrored by the relatively homogeneous future we anticipate for wired networking. data or telephone calls. From a policy perspective, the expansion of technical options creates both a challenge and a temptation. The challenge is to identify and understand the technical differences that have significant policy and economic implications. The temptation is to conclude that the many available options have reduced the importance of technology-specific constraints, freeing policy-makers to regard communications networks as "black boxes." For example, it may be tempting to view innovation in networking technology as eroding the differences between wired and wireless networks and services. In such a view they are becoming substitutes in the technical sense, in that they use similar architectures and have similar capabilities. This would enable them to function as substitutes in the economic sense, in that they are substitutes in consumption.
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This paper has focused on the fundamental, and we believe persistent, differences between wired and wireless technologies. With respect to wired networking, we see facilitiesbased providers continuing the current trend of evolution from silos to a common platform network architecture. A diverse and flexible bundle of services will be offered over the top of these platform networks. However, wireless networks are unlikely to evolve to a similar architecture as wired networks. Indeed, we predict that wireless networks will fail to converge to a common wireless architecture. Instead wireless networks will remain heterogeneous, with many of them specialized to particular services. For example, when GSM networks are shut down starting 8-10 years from now, we predict they will be replaced by more spectrally-efficient voice-specialized networks that are tightly coupled with the provider's 4G data networks, rather than being replaced by VOIP traffic streams running over the top of those 4G networks.
The heterogeneity and specialization of wireless networking that we observe and predict to continue can be traced, in part, to the fundamental capacity disadvantage faced by wireless relative to wired technologies. The capacity disadvantage of wireless is reinforced by topological differences (broadcast instead of point-to-point), reliability differences (wireless is less reliable and predictable), and mobility differences (wired is fixed and wireless is mobile).
The differences between wired and wireless network technology and architecture lead to economic differences, with significant implications for public policy. For example, there will be an enduring need to craft interconnection and universal service policies and network neutrality policies that are distinct for fixed and mobile services. Additionally, we view new-entrant facilities-based providers and end-user deployed infrastructure as much more important and likely vectors for innovation and competitive discipline in wireless than in wired networks. The appropriate policy frameworks to facilitate effective competition will therefore be different in the two cases.
Looking forward, for wireless network competition and innovation of the forms we have highlighted in this paper to be fully realized, a number of policy areas must be carefully addressed. Major areas for innovation concern spectrum policy and ways of increasing spectrum sharing -but these are topics for another paper.
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41 See, for example, Chapin and Lehr (2007) or Lehr and Chapin (2009b) . Figure 1 . Evolution of wired networks from silos to a common platform architecture.
